The latest Sloan Digital Sky Survey data tracing the tidal stream from the Sagittarius dwarf spheroidal (dSph) reveals a bifurcation in the distribution of debris. The branching is caused by the projection of the old trailing and young leading tidal arms of the Sagittarius dSph. The angular difference between the branches is a measure of the precession of the orbital plane and hence the asphericity of the potential. Using numerical simulations, we find that the existence of the bifurcation is a strong constraint on the shape of the halo, which has to be close to spherical. This result is not sensitive to variations in the proper motion of Sagittarius (within the observationally permitted range) and has been checked against changes in the details of the Milky Way potential.
INTRODUCTION
The shape of dark halos is a powerful discriminant between competing theories of dark matter. It is usually quantified by q, the axis ratio of the dark halo density distribution (q < 1 is oblate, q = 1 is spherical and q > 1 is prolate). Cosmological models dominated by cold dark matter give prolate halos, with q ≈ 1.6 and modest dispersion (see e.g., Allgood et al. 2006, and references therein) . If there is no dark matter, then the disk's gravity field becomes increasingly dominated by the monopole at large radii and so the equipotentials become round. For the Milky Way, Olling & Merrifield (2000) used the 21 cm data on the flaring gas layer to argue that q ≈ 0.7, whilst van der Marel (1991) used the Jeans equations to argue that q ≈ 0.55 from stellar kinematics. However, soon after the discovery of the disrupting Sagittarius dwarf spheroidal (dSph) galaxy, it was realized that a uniquely powerful method exists. The shape of the halo is robustly constrained by the tidal stream of debris stripped off the Sagittarius dSph.
Early explorations of this idea suggested that the Galactic halo was nearly spherical or possibly mildly prolate (Ibata et al. 2001a; Majewski et al. 2003) . More recent studies (Helmi 2004b; Law et al. 2005) , examining the velocities of the 2MASS M giants in the leading arm, have argued that the halo is strongly prolate with q ≈ 1.6. However, Helmi (2004a) also pointed out a significant problem. Many of the datasets are restricted to stars that have only recently been torn off the Sagittarius dSph and so have not diffused in the Galactic potential. This impasse was broken recently by Belokurov et al.'s (2006) vista of the Sagittarius stream around the North Galactic Cap -the very spot at which oblate and prolate dark halos give different predictions.
THE SIGNIFICANCE OF THE BIFURCATION
The morphology of the Sagittarius stream is known in detail in the Galactic southern hemisphere thanks to 2MASS (Majewski et al. 2003 (Majewski et al. , 2004 Skrutskie et al. 2006) . Newberg et al. (2002 Newberg et al. ( , 2003 made early detections of Sagittarius tidal debris in data from the Sloan Digital Sky Survey (SDSS, see Hogg et al. 2001; Stoughton et al. 2002; Smith et al. 2002; Pier et al. 2003; Ivezić et al. 2004; Gunn et al. 2006) . Then, Belokurov et al. (2006) used a color cut to pick out the upper main sequence and turn-off stars in SDSS Data Release 5 (DR5, Adelman-McCarthy et al. 2006) belonging to the stream. In the Galactic northern hemisphere, they found a prominent bifurcation or branching in the stream, beginning at a right ascension α ≈ 190
• . The data are shown in the upper right panel of Figure 1 ; the lower and upper declination branches of the stream, labelled A and B, can be traced until right ascensions of at least α ≈ 145
• . Using the location of the subgiant branch as an estimator, the A and B branches are reckoned to be at similar distances. There is also evidence in the data of a fainter, still more distant stream (C) behind the A branch.
The results of a typical simulation of the tidal disruption of the Sagittarius dSph in a nearly spherical potential are shown in Fig. 1 . We will give the details of the simulation set-up shortly, but at the moment our aim is to gain a qualitative understanding of why the bifurcation occurs. The particles in Fig. 1 are color-coded according to when they were torn off the Sagittarius. In the direction of the SDSS DR5 data -namely, the opening angle defined by the green lines -there are 4 distinct streams of material. They are the young leading arm (labelled A), the old trailing arm (B), the old leading arm (C) and the young trailing arm (D). Here, old and young indicate when the stars were torn off. 3 out of the 4 streams are detected in the SDSS DR5 dataset, with the most distant stream missing. The simulation data are separated according to heliocentric distance and then projected onto the sky as viewed from the Sun, as shown in the lower right panels of Fig. 1 . The young leading arm provides branch A and old trailing arm provides branch B of the bifurcated stream of Belokurov et al. (2006) . These two narrow branches are at similar heliocentric distances, as required to match the data. The material in these branches is about two revolutions apart in orbital phase. For the material beyond 20 kpc, the older leading material is in the lower declination branch, while the younger trailing material is in the upper. The old leading arm (C) provides the more distant and fainter stream detected by Belokurov et al. (2006) behind the A branch.
The Sun lies roughly in the orbital plane of the Sagittarius. If the potential were exactly spherical, the debris of the Sagittarius would lie in a single plane and no bifurcation would exist. Any asphericity (whether intrinsic to the halo or produced by the bulge and disk) causes the orbital plane to precess and therefore the planes of the 4 arms to be slightly different. The positional difference between branches A and B is a direct measure of the precession over two orbital revolutions and hence the asphericity of the potential. The facts that (i) branches A and B are so close in projection and (ii) branch C lies behind branch A suggest that the precession is small, and that the potential is close to spherical. If the halo is too oblate or prolate, then debris is scattered over a wide range of locations and does not lie in thin, almost overlapping streams on the sky. To back up this qualitative argument, let us now describe a suite of simulations developed to measure the properties of the bifurcation as a function of halo flattening.
SIMULATIONS
The present position of the Sagittarius dSph is (α, δ) = (283.7
• , −30.5 • ), while its heliocentric distance is 25 ± 2 kpc and radial velocity is 140 ± 2 kms −1 (Ibata et al. 1997) . Listed in Table 1 are two measurements of the proper motion of the Sagittarius dSph, the first from Irwin et al. (1996) using Schmidt plates and the second from Ibata et al. (2001b) using HST data. Dinescu et al.'s (2005) recent measurement agrees with that of Irwin et al. (1996) within the errors. Given a choice of proper motions, we integrate back in time for 10 Gyr adopting a potential for the Galaxy. At the final position, we insert a Plummer sphere containing 10 6 particles with a total mass of 10 8 M ⊙ and a scalelength of 350 pc. The choice of these values is somewhat arbitrary -for example, they are smaller than those used by Helmi (2004a) . Here, however, we are not so much interested in modelling the dSph remnant as in the positional distribution of the tidal debris. The particles are integrated forward using the particle-mesh N-Body code Superbox Table 1 is investigated. For the Galactic potential, we use one of two possibilities. In the first, the halo is represented by a logarithmic potential parametrised by its equipotential axis ratio q φ , the disk by a Miyamoto-Nagai potential and the bulge by a Hernquist sphere. We use the same choice of parameters as quoted in Helmi (2004a) . The superposition of the 3 components gives quite a good representation of the Galaxy. This model has been very widely used -in particular, in many previous investigations of the Sagittarius stream (e.g. Helmi 2004a,b; Johnston et al. 2005; Law et al. 2005) . In the second, we use the Galactic potential suggested by Dehnen & Binney (1998) . It consists of 3 disk components, namely the ISM, the thin and the thick disk, each of double-exponential form. The halo and bulge are represented by two spheroidal density distributions [eqns 3 and 4 of Dehnen & Binney (1998)], with the halo flattening parametrised by its equidensity axis ratio q. The other parameters are chosen according to their best fit model 4. This provides an excellent representation of the Galaxy, but at somewhat greater computational cost.
Snapshots of the distribution of tidal debris for some typical simulations are shown in Figure 2 , for the case of Miyamoto-Nagai disc and logarithmic halo models. We quickly see that the simulated streams in moderately oblate (q φ 0.9) and prolate haloes (q φ 1.1) do not bifurcate and are not good reproductions of the data. Only haloes close to spherical provide bifurcated streams. To proceed further, we need to develop an objective crite- a All Galactic models with q φ = 0.8, 0.9, 0.95, 1.0, 1.05, 1.11, 1.25 and 1.5 were investigated. If there is no bifurcation, or if the lower branch of the bifurcation bends back to negative declinations, the model is discarded. For models in which there is a bifurcation, the strength d , and the onset αo are given for each set of proper motions.
b All Galactic models with q = 0.8, 0.9, 0.95, 1.0, 1.05, 1.11, 1.25 and 1.5 were investigated but only those with bifurcations are reported.
rion for identifying the bifurcation. We use a MarquandLevenberg routine to fit a single Gaussian and two Gaussians to the declination distribution in the young leading and old trailing tidal debris. Models for which a single Gaussian is everywhere preferred (as judged by the ∆χ 2 ) are unacceptable, as they do not show two identifiable streams. If two Gaussians are a better fit than a single, then the ratio d of the distance between the two peaks to the sum of the dispersions of each peak is computed as a function of right ascension. We refer to the mean value of this parameter, taken over all right ascensions 110
• ≤ α ≤ 220
• , as the strength of the bifurcation, d . The onset of the bifurcation α 0 is taken to be the right ascension when d = 1.5. Applying this algorithm to Belokurov et al.'s (2006) dataset, the bifurcation has strength d ≈ 1.7 and begins at a right ascension α 0 ≈ 190
• . For a range of simulations, the same quantities are recorded in Table 2 . Both Galaxy models contain a flattened disk and bulge, so the model parameters (q φ and q) are not a reliable guide to the overall flattening of the potential. Rather, we give in Table 2 the axis ratio of the equipotentials Q φ at the mean of the pericentric and apocentric distances of the Sagittarius' orbit.
There are a number of interesting conclusions from the Table. First, very few models actually give bifurcations at all. Of the 80 models tested, only 10 gave bifurcated streams. A bifurcation occurs if the axis ratio of the potential Q φ lies in the range 0.92 Q φ 0.97. The best overall match to the data is given by simulations using the Miyamoto-Nagai disk and logarithmic halo with q φ = 1, together with sets C or D of proper motions. They reproduce the strength and the location of the bifurcation reasonably well. Second, if we use the proper motions measured by HST (set A Ibata et al. 2001b ), we do not obtain bifurcated streams, whatever the halo flattening. The precession is controlled not just by the flattening of the potential, but also by the eccentricity of the orbit, and hence the proper motions. Sets B and C of proper motions, with values close to those derived from Schmidt plates (Irwin et al. 1996) , provide much better fits. Third, Helmi (2004b) and Law et al. (2005) have claimed that strongly prolate haloes with q ≈ 1.65 give the best fit to the 2MASS data on the right ascension, declination, heliocentric distance and radial velocity of the tidal debris. Such strongly prolate models do not match the bifurcated stream in the SDSS dataset. In fact, the claims of prolateness rely heavily on their choice of Galactic potential (Miyamoto-Nagai disk and logarithmic halo) and are not reproduced with the Dehnen & Binney models. The Miyamoto-Nagai disk declines like a power-law, rather than an exponential, and so it is reasonable to interpret the finding of prolateness or stretching of the halo as compensation for deficiencies in the disk model. Similarly, although some of the nominally prolate halo models (q φ > 1) in Table 2 provide matches to the bifurcation data, the equipotentials are mildly oblate (Q φ < 1) at the radii probed by Sagittarius' orbit.
Nearly spherical models can reproduce the projected density of the Sagittarius stream around the Northern Galactic Cap. Over the range of right ascensions α 190 • , they can also reproduce the heliocentric distances of the streams given in Belokurov et al. (2006) . However, for α 190 • , the distance of streams A and B are smaller in our models than in the data. Nonetheless, our overall picture is accessible to three very direct tests. First, a second wrap of branch D should be detectable in the 2MASS data, closer than that already reported by Majewski et al. (2003) . Secondly, the older B stream should have a larger velocity dispersion than the younger A stream. The mean velocities of branches A and B probably differ by ∼ 15 kms −1 , though this may be hard to measure as it may be less than the stream's internal dispersions. Thirdly, if our current ideas on the star formation history of the Sagittarius are correct (e.g., Grebel 2000) , then there may be a difference in the stellar populations of the streams. Stream A may contain evidence for a younger population that is not present in stream B.
CONCLUSIONS
The Sagittarius stream, as seen by the Sloan Digital Sky Survey (Belokurov et al. 2006) , is composed of two branches (A and B) at about the same heliocentric distance visibly diverging at right ascensions α ≈ 190
• to give a bifurcation, together with a third stream (C) aligned with the A branch, but well behind it. This complex and intricate morphology throws down an enormous challenge to modellers. Here, we have given a physical picture of how this structure may arise. The bifurcation is caused by a projection of the young leading (A) and the old trailing (B) tidal arms of the Sagittarius dSph, while the old leading arm (C) lies well behind A. The bifurcation between A and B, and the delicate positioning of C behind A, can only be reproduced in simulations if the halo is nearly spherical. Simulations in either strongly oblate or in the currently fashionable strongly prolate haloes fail these tests by a wide margin.
